We have performed ab initio calculation on the active site of HIV-1 protease. The FEP method was used to determine the binding free energy of four different of protonated states of HIV-1 protease with inhibitor. The structure of the active site and hole structure was taken from the X-ray crystallographic coordinates of the C 2 symmetric inhibitor A74704 protease bound. The active site was modeled with the fragment molecules of binding pocket, acetic acid/ acetate anion (Asp25, Asp125), formamide (amide bond of Thr26/Gly27, Thr126/ Gly127), and methanol as inhibitor fragment. All possibly protonated states of the active site were considered, which were diprotonated state (0, 0), monoprotonated (-1, 0),(0, -1) and diunprotonated state (-1, -1). Once the binding energy ∆E bind , of each model was calculated, more probabilistic protonated states can be proposed from binding energy. From ab-initio results, the FEP simulations were performed for the three following mutations:
Introduction
Human Immunodeficiency Virus Type-1 (HIV-1), the cause of acquired immune deficiency syndrome (AIDS), is a member of a retrovirus family. 1 HIV-1 Protease (PR), a member of the aspartic protease family of enzymes, processes polypeptides Pr160gag-pol and Pr55gag transcribed form the gag and pol genes late in the viral replicative cycle. 2 This macromolecule processes HIV polyproteins to produce structural and functional proteins, including the protease itself, and has shown itself to be essential for viral replication. 3 HIV-1 protease has become an important target for the design of antiviral agents for AIDS. HIV-1 protease is a homo-dimer, which is composed of two identically folded 99 amino acids subunits to form a hydrophobic binding pocket and the active site formed with two aspartyl residues.
The crystallographic structures of both recombinant and synthetic HIV-1 protease have been reported. [4] [5] [6] [7] [8] The cellular protease contain an extended β-hairpin loop, which rolls a flap that embraces the substrate in a tightly bound formation to the active site cavity. 9 The flap undergoes a major structural rearrangement during the complex to make favorable van der Waals contacts and hydrogen bonding orientations with the substrates.
The active site, formed with two catalytic aspartic acid residues, Asp-25 and Asp-125, has C 2 point symmetry in neutral state. Those two aspartyl residues are located at the dimeric interface and are a different structural feature, indistinguishable from the other of monomeric aspartic protease. A conserved water molecule, H 2 O301, is located between the flaps and the substrate or peptidomimetic analog inhibitors and engages in hydrogen-bond networking involving the ligand and the amide nitrogen of Ile50/Ile150 in the β-hairpins. Overall, the peptide-like analogs bind to HIV-1 protease in the extended conformation, with their amide groups involved in conserved hydrogen bonds with the active site residues and H2O(301). Two side chains of the inhibitor occupy hydrophobic sites that alternate above and below the backbone chain, which are designated according to the convention of Schechter and Berger (P1, P2, ..., S1, S2, ...). 10 Since the structure of the HIV-1 protease was determined by X-ray crystallographic and NMR experiments, it has been a good target for structure-based drug designs for AIDS therapeutics. For the inhibitor design, the structure of the active site must be well-defined, not only as a 3-dimensional shape, but also as a chemical state. In the HIV-1 protease, the determination of the protonated states of the Asp-25 and Asp-125 is crucial for high affinity inhibitor design. For illumination of the protonated states of HIV-1 protease with several bound inhibitors binding and at various pH-conditions, several works have performed. [11] [12] [13] [14] [15] [16] Meek and co-workers have suggested the general acidgeneral base mechanism and protonated state for HIV-1 protease in which the scissile nitrogen is protonated at an intermediate step, on the basis of a variety of experimental studies. [11] [12] [13] They explored kinetic study for un-protonated and protonated active site aspartyl groups, Asp-25 and Asp-125. HIV-1 protease was examined over a pH range of 3-7 with two competitive charged inhibitors. Two aspartyl groups that have pK value 4.9 ± 0.06 and 3.1 ± 0.1 must be deprotonated in the case of a cationic inhibitor. One of two aspartyl groups with an uncharged inhibitor was deprotonated (pK 1 = 3.3 ± 0.1), and the other was protonated (pK 2 = 5.3 ± 0.09).
Beveridge and co-worker theoretically deduced the protonated state of two different HIV-1 protease-inhibitor complexes, U85548E and MVT-101, using molecular dynamic (MD) simulation. From MD studies, they suggested that U85548E, hydroxyethylene moiety contains no ionizable groups to neutralize a resultant charge, and that MVT-101, a secondary amine as peptide isostere containing a positive charge, the di-anion model in the four state for MVT-101 and diprotonate state in the four state for U85548E, accurately reproduces and agrees with the X-ray crystal structures. 14 Chen and Tropsha reported binding affinities of the S and R isomer of U85548E by the free energy perturbation method, where they calculated the difference in free energy between a monoprotonated state and two diprotonated states. 15 They suggested that U85548E binds to a monoprotonated state of HIV protease and that the S inhibitors bind stronger than the R inhibitor by about 2.8 kcal/mol.
Ferguson and Kollman determined the relative binding free energy of the S and R isomers of JG365 to the HIV-1 protease at various protonated states by the free energy perturbation method. 16 Three possible protonated states were considered, including mutated forms of the S and R isomers, and the binding free energy difference was compared with experimental free energy, which resulted in similar computational results mono-protonated state of Asp125.
In this work several protonated states of HIV-1 protease with inhibitor A74704, will be investigated. In order to illuminate the physically realistic protonated states of the HIV-1 protease and its complex with the inhibitors, both quantum chemical and the free energy simulation approaches were introduced.
Methods
A. Model compounds. In order to investigate the relative stability between different protonated states of the HIV-1 protease when it is complexed with the inhibitor, A74704, ab initio MO calculations were performed. All the possible protonated states of the active site were taken into account as models. The HIV-1 protease, without inhibitor, has C2 symmetry axis. The HIV-1 protease of the aspartic oxygen atom, one aspartic amino acid is closer to the C2 axis than the outer one. This oxygen is designated as inner oxygen and another is designated as outer oxygen. The models can be classified into three classes: class I, Model I-Model IV, has one protonated aspartic. Model I, protonated on the inner oxygen OD1 of Asp25; Model II, protonated on the inner oxygen OD1 of Asp125; Model III, protonated on the outer oxygen OD2 of Asp25; Model IV, protonated on the outer oxygen OD2 of Asp125; class II, Model V, both aspartic acids are deprotonated; class III, Model VI-Model IX, neutral models in which both aspartic acids are protonated; Model VI, protonated on OD1 of Asp25 and on OD2 of Asp125; Model VII, protonated on OD2 of Asp25 and on OD1 of Asp125, Model VIII, protonated on OD2 oxygen of both Asp25 and Asp125; Model IX, protonated on OD1 of both Asp25 and Asp125. The proposed models of the HIV-1 protease were simplified for the ab initio MO calculations. In the simplified models, aspartate and aspartic acid were replaced with acetic and acetic acid, respectively. The peptide bonds formed between Thr26 and Gly27/Thr126 and Gly127 were replaced with two formamides. The hydrogen of the peptide bond forms hydrogen bonds with aspartate/ aspartic acid and OH of the inhibitor. Figure 1 shows simple model structures. The ball and stick regions represent the optimized geometries, and the stick line represents the fixed geometries during geometry optimizations.
B. Ab initio calculations. We performed ab initio SCF calculation using Gaussian 94. 17 All geometry optimizations were performed with the 6-31+G** basis set and the relative stability of models were calculated. Both formamides bonds and all the methyl groups in the model were fixed during optimization procedures. Models have different proton numbers each other due to the different protonated states. In the gas phase, there is no problem in comparing the stability between different protonated states if the deprotonated proton is removed or far apart from the model, as the energy of the proton is zero in quantum chemical calculations in the gas phase. However, in solution, for comparing the stability between different protonated states, one must clearly define the state of the proton or protons, i.e., is the proton bonded to water, or bonded to another part of the protein, forming an X-H bond. Therefore it is assumed that the deprotonated proton from the −COOH forms an O-H bond somewhere in the protein.
The relative energy of a model A with respect to a reference model in the phase X was calculated as follows. (1) and are the HF energies of model A and reference model is model III, respectively, in phase X. ∆n is the difference in the number of protons, , . ∆n can be +1, 0, −1.
is obtained as follows.
The binding energy between model protease (two acetic acids and two formamides in the simplified models) and the inhibitor (methanol in the simplified model) was calculated as follows.
Eprotease and Einhibitor were calculated with optimized geometry using same basis set 6-31+G**. As in Figure 1 , the model protease was represented simply by two acetic acid/anion and two formamides.
To calculate the relative stability between simplified models in dielectric medium, self-consistent reaction fields (SCRF) calculations were performed with a self-consistent isodensity polarizable continuum model (SCI-PCM). 18, 19 ε = 4.0 was used as dielectric constant to a mimic protein core environment, because two aspartic acids are located in the HIV-1 protease core region. C. Calculation of free energy difference. The free energy perturbation method was used for computing the relative free energy of a certain protonated state by constructing a nonphysical path which connects the desired initial and terminal states. This approach directly enables the calculation of relative change in the free energy difference between two protonated states by computationally simulating the mutation of one protonated state to the other. The total free energy change for the mutation from the initial to the final state is computed by summing incremental free energy changes over several windows visited by the state variable changing from 0 to 1. The thermodynamic integration of the relative free energy assumes that the free energy change can be expressed as an integral. (4) The above equation can be integrated numerically. FDTI (finite difference thermodynamic integration) 20 in the Discover ® program employs the perturbation formalism to numerically compute the derivatives of the free energy function, with respect to the coupling parameter λ.
Computing ∆A i for six values of λ spanning the integral from 0.0 to 1.0. Total free energy change ∆A can be estimated.
Starting structures were built by adding hydrogens to the heavy atom positions of an HIV-1 protease-inhibitor crystal structure (9hvp) in the Brookhaven protein data bank (PDB) using CVFF. [21] [22] [23] The relatively stable protonated states were introduced as the states in the free energy perturbation simulation. The relative stability was obtained from the ab initio calculations. For the construction of the thermodynamic cycle, Figure 3 , unprotonated states, Model V, two monoprotonated states, Model II and Model III, and diprotonated state Model VIII were introduced.
Since the HIV-1 protease is too large to use the periodic boundary condition for solution simulation, in this simulation, the HIV-1 protease complexes were hydrated around OD2 of Asp 25 by 27 Å diameter water sphere of 937 individual water molecules. A switching function was used for long range nonbonding energy terms with a cut-off value 12 Å. Before the molecular dynamic simulation, the HIV-1 protease complexes were relaxed by 5000 steps of conjugate gradient minimization method to eliminate the initial strain in the molecule.
Numerical integration by the leap frog integrator with a 1 fs step size was used for molecular dynamic calculation. The molecular dynamics calculations for the solvated system were performed on running at equilibrium for 30 ps, followed by 70 ps at 300 K. The free energy differences were collected at every 10 steps, and perturbation was used for 6 λ points.
Results and Discussion
Both relative and binding energies of the models were calculated with 6-31+G** HF ab initio MO calculations and are summarized in Table 1 . The model III, lowest relative energy and strongest complex form, was used as a reference. To include the polarization effects of the hydrogen bonding in the models, 2p and 3d orbital are introduced for the hydrogen and oxygen/nitrogen, respectively. In the gas phase, the monoprotonated states, models I-IV, are relatively more stable phases than di-and unprotonated states under the assumption that is introduced to define ∆E rel . For monoprotonated states, the relative energies were obtained in the order, Model III > Model II > Model I > Model IV. Diprotonated states have higher relative energy, about 35.0 kcal/mol, Figure 3 . The scheme of the thermodynamic cycle used in this study ∆G 1, ∆G 2, and ∆G 3 represent the free energy differences of the protonated state that can be computed by the free energy perturbation. . Since all the four hydrogen bonds have suitable bond distances and bond angles for hydrogen bond formation, the Model III can form a strong complex with the inhibitor. Our previous computational results for hydrogen bond potential showed angle dependency of hydrogen bond. 25 For diprotonated states, the relative energy difference is only few kcal/mol. Unprotonated state model, Model V, is the most unstable state among the models we introduced. In a certain protonated class, the relative stability of a model is strongly dependent on the formation of stable hydrogen bonds of the model. Model III forms two intermediate hydrogen bonds network, two weak hydrogen bonds, whereas Model IV forms only two weak hydrogen bonds. Model I forms three weak hydrogen bonds and Model II forms three weak hydrogen bonds and a hydrogen bonds of intermediate strength. Though Model V forms three weak hydrogen bonds, the repulsion between two acetate ions destabilizes the system. Model III is reproduced by good indexes and is more reliable protonated state in HIV-1 protease-A74704 complexes by binding energy and relative energy.
-----------------------------------------------------------------------------------∆λ i
The relative stabilities of the models in continuum media with ε = 4 and 78.3 were calculated and summarized in Table 2 . Model III was the most stable in the continuum environment by SCI-PCM calculation in protein core environment (ε = 4.0). In our models, aspartic groups' surface is not exposed to solvent, but many amino acids are near aspartic acid in HIV-1 protease, and aspartic groups are a little affected by solvents. SCRF calculations using SCI-PCM were calculated in nonpolar solvent (ε = 4) that was generally represented the character of a nonpolar solvent environment that applied to the environment of the protein core. In the case of HIV-1 protease with A74704, the active site has complex hydrogen bond networks and electrostatic interactions. From our results, the active site is not affected by any high polar solvent medium, the determinations of protonated states in HIV-1 protease with A74704 need the low polarized solvent environment, and suggest that it is very similar to the protein core environment.
To include the influence of the hydrogen bonds between the model and the water and the structural change of the water by the model, molecular dynamic simulations were performed with explicit water molecules. In addition to the influence mentioned above, to calculate the relative stabilities between different protonated states, FEP was carried out in conjunction with the MD method. In Table 3 , the free energy differences between the protonated states which approach the thermodynamic cycle in Figure 3 are summarized. From the free energy perturbation results, ∆G presents that Model III is more stable than Model II by -4.53 kcal/mol, and ∆G 3 suggests that the mutation from monoprotonated state on OD2 of Asp25 to diprotonated state is destabilized bound structure by 20.14 kcal/mol.
The Three FEP simulations for aspartic groups having various protonated states of HIV-1 protease/A74704 complex also reproduced protease structures that agreed well with the crystal structure with an RMS deviation for the protease backbone between 0.56 and 0.65 Å. Comparison of the average inhibitor geometries was obtained from each MD simulation with the backbone inhibitor from crystal structure. The residual RMS deviation of the inhibitor backbone atoms is less than 0.65 Å, and all comparison within the P1 and P1' sites of the inhibitor are less than 0.49 Å. The geometric results are tabulated between average structure and X-ray crystal structure using superimposition in Table 4 , however structural data give no good description of different protonated states.
In this study, ∆∆G plays an important role in determining the protonated state. The stability of the protease inhibitor complex corresponds to the difference of protonated states. Our results are very consistent between ab initio SCRF (ε = 4) and free energy perturbations by molecular mechanics; ∆G 4 is -4.53 kcal/mol between Model III and Model II, and relative energy by ab initio SCRF (ε = 4) is -1.21 kcal/mol. ∆G 1 is -58.01 kcal/mol between Model III and Model V, and relative energy by ab initio SCRF (ε = 4) is 32.24 kcal/mol. ∆G 3 is -20.14 kcal/mol between Model III and Model VIII, and relative energy by ab initio SCRF (ε = 4) is -9.45 kcal/ mol. Also the NMR experiments prove that our results are more reliable. Now we proposed the reliable protonated state that the proton should be on the OD2 of Asp25 (∆G 4 = -4.53 kcal/mol, = -1.21 kcal/mol) when the HIV-1 protease binds the A74704 inhibitor. Recently, Wang et al. 26 reported chemical shifts and NMR study of the two aspartic acids in HIV-1 protease/KNI 272 complex, which provided the first directly experimental measurement of pK a values as protonated state of all aspartic acids. The results clearly show that the protonated state of Asp25 and Asp125 are independent of pK a in the range from 2.5 to 6.2, the OD2 of Asp25 is protonated by pK a = over 6.2 while Asp125 is deprotonated by pKa = 2.5. Baldwin et al. 27 also reported that semiempirical calculations applied to heavy atom coordinates of the crystal structure have predicted that the Asp25 side chain was protonated whereas the Asp125 was deprotonated, which were determined by relative energies. Won 28, 29 reported the theoretically very similar results of four possible protonated states of the aspartic acid of HIV-1 protease/hydroxyethylene inhibitor by free energy simulations. The free energy perturbation simulation results indicate reasonable protonated state is the OD2 of Asp25 protonated state. The experimental free energy difference is -1.92 kcal/mol, the predicted free energy difference of the HIV-1 protease with hydroxyethylene inhibitor is ∆∆G = -1.79 kcal/mol by the free energy simulations.
Harte and Beveridge 14 reported the results of unconstrained molecular dynamics simulation of the HIV-1 protease-U85548E complex and MVT-101 complex, where the two catalytic aspartic residues were treated in three different ways: both negative charged, one charged and another neutral, and both neutral. However they didn't consider the position of type oxygen (OD1 or OD2). They found that both aspartic residues were neutral, that two aspartic acids were protonated with U85548E inhibitor complex, the complex with inhibitor displaying the lowest RMS deviation from the initial X-ray structure, 0.8 Å for backbone and 1.3 Å for P1,P1'. MVT-101 inhibitor contains a secondary amine, which will carry a positive charge, thus creating a different environment than the neutral charge U85548E. In the MVT-101 inhibitor and the HIV-1 protease complex, only the dianionic model accurately reproduces the experimentally observed inhibitor geometry, 0.5 Å for backbone and 0.8 Å for P1,P1'.
Our calculations can be applied to neutral inhibitor-HIV-1 protease complex, the protonated state is not diprotonated state but monoprotonated state in active site two aspartic acids with neutral inhibitors.
Conclusions
These results have the potentially significant implications that protonated state of active site in HIV-1 protease -A74704 inhibitor complex is monoprotonated state on OD2 of Asp25. This research clearly suggests the protonated state of HIV-1 protease with inhibitor by quantum mechanics and molecular mechanical method. If the inhibitor has neutral character, OD2 of Asp25 must be protonated on. Free energy perturbation has been considered traditionally as a computational technique that directly affords the quantitative estimation of free energy difference between two molecular systems ab initio SCRF calculation is well known that the calculations give correct geometry and energy including the effects of electrons by computational chemistry. Our results give a consistency from the results using ab initio SCRF and molecular mechanics for determining the protonated state of active site in HIV-1 protease-inhibitor complex. These calculations provide a theoretical prediction of the protonated states of catalytic aspartic residues with neutral inhibitor complex and may be useful for the evaluation of potential therapeutic targets. We will use mono-protonated state of OD2 of Asp25 to further design the new potent inhibitor. 
